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Abstract
The intermetallic compound Zr3Al is severely deformed by the method of repeated cold rolling.
By X-ray diffraction it is shown that this leads to amorphization. TEM investigations reveal that a
homogeneously distributed debris of very small nanocrystals is present in the amorphous matrix that
is not resolved by X-ray diffraction. After heating to 773 K, the crystallization of the amorphous
structure leads to a fully nanocrystalline structure of small grains (10 - 20 nm in diameter) of the
non-equilibrium Zr2Al phase. It is concluded that the debris retained in the amorphous phase acts
as nuclei. After heating to 973 K the grains grow to about 100 nm in diameter and the compound
Zr3Al starts to form, that is corresponding to the alloy composition.
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1 Introduction
The intermetallic compound Zr3Al has been of spe-
cial interest as a nuclear structural material although
a drawback of the material is embrittlement under
certain irradiation conditions [1]. Recently, it was
shown that nanostructuring of materials can en-
hance the irradiation resistance, e.g. for the inter-
metallic compound NiTi [2]. One successful method
to achieve nanostructuring in bulk materials is se-
vere plastic deformation (SPD). The formation of
the nanocrystalline structure can occur directly by
grain refinement of the coarse grained material or
by crystallization of SPD induced amorphous mate-
rial. For example, crystallization of the intermetal-
lic alloy NiTi amorphized by severe plastic deforma-
tion can lead to nanocrystalline structures and by
modification of the deformation path and the heat
treatment, properties of the alloy can be tailored
[3].
Bulk intermetallic alloys can be deformed severely
using high pressure torsion (HPT). For Zr3Al, it
was shown that HPT at room temperature leads
to a final grain size of approximately 20 nm, but
amorphization of a significant volume fraction of
the sample has not been encountered [4]. Further-
more, it was observed that upon HPT deformation,
Zr3Al exhibits inhomogeneous microstructures, as
were also observed in the case of L12 structured
Ni3Al [5, 6, 7].
Deformation by cold rolling with intermediate
foldings (repeated cold rolling - RCR) is an alterna-
tive promising deformation route to produce bulk
nanocrystalline materials [8]. The minimum final
grain sizes that can be achieved for a material are
often smaller than the corresponding ones after SPD
under high pressure (e.g. HPT, equal-channel an-
gular pressing) [9]. In addition, RCR can lead to
amorphization.
It is the aim of this work to study the effect
of RCR on the grain refinement of Zr3Al and the
behaviour of the refined material upon heating to
different temperatures. Crystallization of the amor-
phous phase is also of interest since the Zr-Al sys-
tem exhibits several intermetallic phases (cf. Fig.
1) and the driving force to form the L12 structure
was reported to be rather weak compared to the
one of neighbouring phases [10].
2 Experimental Procedure
Zr3Al was alloyed with an initial composition of
Zr with 27 at.% Al. The alloy was homogenized at
1160 K for 24 h leading to the ordered L12 structure
with 10% residual Zr2Al and α-Zr. The material
Figure 1: The Zr-rich side of the phase diagram of
the Zr-Al system. Grey areas are existence regions.
The intermetallic phases are all line compounds.
The L12-phase at 25at% Al is stable up to 1261 K,
at higher temperatures it decomposes to bcc β-Zr
and Zr2Al, which is of the B82-structure [11].
was cut to sheets 10mm x 10mm x 0.8mm in size.
The thickness of the sheets was reduced to 0.25 mm
by repeated cold rolling. Then they were folded
and again cold rolled until a thickness of 0.25 mm
was achieved. This process was repeated up to 80
times. During rolling the alloy was placed between
two spring steel plates.
The deformed material with the highest strain
(80 foldings, 80 = 6600%) was heated to different
temperatures at different heating rates in a differ-
ential scanning calorimeter (DSC). For the baseline
subtraction, the material was kept at the maximum
temperature after heating until the exothermic sig-
nal was negligible to avoid exothermic processes in
the subsequent run that provided the baseline.
Undeformed samples, samples deformed for 80
foldings and samples heated to 773 K and 973 K at
20 K min−1 after deformation for 80 foldings were
investigated by X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM). The XRD data
were analysed to get information about the coher-
ently scattering domain (CSD) size and the crystal
structure of the samples.
The TEM preparation was done by cutting disks
suitable for TEM preparation from samples of dif-
ferent states, subsequent grinding and dimpling and
finally electropolishing using the same parameters
as described in [12]. Acceleration voltages of 200
kV and 300 kV were used for conventional TEM
and high-resolution TEM, respectively.
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3 Experimental Results
TEM analysis of samples deformed for 5, 10 and
20 foldings reveals that already at these relatively
low strains (5 = 530%, 10 = 930%, 20 = 1730%),
grain refinement is clearly visible. At 80 foldings
(80 = 6600%), XRD shows two broad peaks (cf.
Fig. 2a) indicating an amorphous sample. Com-
plementary TEM images taken of the same ma-
terial yield additional important information (cf.
Fig. 2b): a mostly homogeneous intensity distribu-
tion with a few remaining crystalline regions that
are 100 to 200 nm in diameter (Fig. 2c). From
dark-field images, it can be seen that the whole
crystalline region is oriented in a similar way, so it
is rather one crystallite than an agglomeration of
many small crystallites. The complex contrast is
an indication for a very high defect density in the
crystallite. In addition, small crystallites were iden-
tified using high-resolution TEM in the amorphous
matrix (Fig. 2d); they show up as dark dots in
Fig. 2b (The large (< 500 nm) roundish bright ar-
eas originate from thickness variations in the TEM
foil developed as an artifact during electropolish-
ing.). Combining the XRD and TEM results, a
small crystalline volume fraction of a few percent
in a mostly amorphous sample was identified as the
sample structure after 80 foldings.
DSC experiments were conducted to clarify the
thermal stability of the as-deformed material. Fig. 3
shows a baseline-subtracted DSC curve for a heat-
ing rate of 5 K min−1. The baseline was obtained
by a second run after annealing at 973 K for 30 min.
Two exothermic peaks are revealed. The first peak
(peak A) that starts at 650 K and has its maximum
at 720 K is caused by crystallization of the amor-
phous phase. To determine the enthalpy of peak
A, the following method (cf. inset in Fig. 3) was
chosen under the assumption that the peak is sym-
metric and that peak B has a negligible influence on
the low-temperature half of peak A: From the left
integration limit Tstart = Tpeak − 2(Tpeak − Tonset)
(Tonset was determined using the tangent method),
the enthalpy between a horizontal baseline and the
DSC curve was integrated until Tpeak (grey area in
inset in Fig. 3). This value was taken as the en-
thalpy of the low-temperature half of the enthalpy
of the peak. Due to the above-mentioned assump-
tions, doubling this value yields the total enthalpy
of the peak. The determination of the enthalpies
for four different heating rates yielded a crystal-
lization enthalpy of 41±3 J/g. This statistical un-
certainty, however, seems to underestimate the real
one, that might be as high as 20%, due to system-
atic instrumental errors and the assumption of peak
B not having an influence on the low-temperature
half of peak A. A Kissinger plot using the four dif-
ferent heating rates ranging from 5 K min−1 to 50
K min−1 leads to an activation enthalpy of Q =
2.60 ± 0.10 eV. The second exothermic peak with
a plateau-like behaviour at high temperatures is
attributed to a superposition of grain growth and
phase transformation processes.
Using a heating rate of 20 K min−1, samples
were heated to 773 K and to 973K, i.e. after the
crystallization peak and to the maximum tempera-
ture of the DSC curve, respectively. Fig. 4a shows a
TEM bright-field image of the sample heated to 773
K revealing nanocrystalline material with a grain
size of approximately 10-20 nm.
This grain size estimation is in reasonable agree-
ment with a Williamson-Hall analysis of the CSD
size as deduced from the corresponding XRD spec-
trum (cf. Fig. 4b) yielding a volume-weighted
mean crystalline diameter of 40 nm. Apart from
the CSD size, the XRD results show that the B82-
structure is clearly predominant in the sample heated
to 773 K. All the major peaks can be related to
peaks of this structure, which is the equilibrium
phase for Zr2Al [13]. This result was also confirmed
by analyzing the corresponding electron diffraction
ring patterns using the PASAD software [14]. Af-
ter heating the sample to 973 K, defect-free grains
grow to a size of ∼ 100 nm as observed in the TEM
bright-field image (cf. Fig. 4c). The corresponding
XRD curve (cf. Fig. 4d) shows that the L12 struc-
ture (i.e. the equilibrium structure for Zr3Al) starts
to form. It should be mentioned that after heating
to 973 K at 20 K min−1 and immediate subsequent
cooling at the same rate, the B82 structure is still
predominant.
4 Discussion
TEM analyses of samples deformed by RCR show
that pronounced grain refinement takes place at
much lower strain levels than it was reported for
Zr3Al deformed by high pressure torsion [4]. After
80 foldings ( = 6600%), at least 90% of the volume
is amorphous and the grain structure is finer than
that in the HPT experiment. This is in agreement
with the results showing that the grain sizes after
RCR can be smaller than those achieved by other
SPD techniques [9].
As depicted in Fig. 2b, a homogeneously dis-
tributed crystalline debris is retained in the amor-
phous material. Upon heating to 773 K, the crys-
tallites that are only a few nm large can serve as
pre-existing nuclei and lead to the formation of a
fine nanocrystalline structure (10 - 20 nm, cf. Fig.
4a) because of their dense distribution. A similar
3
behaviour was observed for NiTi, that was rendered
amorphous by severe plastic deformation and after-
wards heated in in-situ TEM experiments [3]. Peak
A of the DSC curve (cf. Fig. 3) is therefore at-
tributed to crystallization and grain growth until
impingement. The peak temperature is about 70
K lower than that reported in [10] for ball-milled
amorphous Zr3Al. This difference can be explained
by the presence of the crystalline debris in our sam-
ples. A similar behaviour was observed in NiTi with
a peak temperature reduction of 100 K [3]. There-
fore, it is concluded that the higher peak temper-
ature reported for Zr3Al in [10] indicates that the
material did not contain a crystalline debris. Peak
B of the DSC curve (cf. Fig. 3) is interpreted to be
caused by grain growth and phase transformations
between different intermetallic phases (cf. Fig. 4c
and d).
By experimental and theoretical evaluation, Ma
et al [15] deduced an enthalpy release caused by de-
vitrification of Zr3Al of ∼ 85 J/g, which is about
twice the amount that is determined here. Possible
reasons for the higher crystallization enthalpy are
an additional contribution of grain growth, which
is part of DSC peak B (cf. Fig. 3) in this work or
a principal difference in the structure of the amor-
phous samples caused by the different processing
conditions (strains, strain rates, deformation tem-
peratures,...)
X-ray results show that the equilibrium L12 struc-
ture does not form in the initial crystallization pro-
cess since only B82 structured Zr2Al was detected
after heating to 773 K (cf. Fig. 4b). It is well es-
tablished that nanocrystalline material can have a
different crystal structure than its coarse crystalline
counterpart at the same composition and tempera-
ture [16, 17]. In the present case, antisites or vacan-
cies on Al sites of the ordered B82 structure could in
addition compensate for the difference between the
nominal as-cast composition and that of stoichio-
metric Zr2Al. From the DSC curve, the formation
enthalpy of the present B82 structure (containing
a high number of point defects causing excess en-
thalpy) is determined to lie between the one of the
amorphous phase and the one of the L12 structure
as given in [15]. This makes the transformation
path amorphous → B82 → L12 thermodynami-
cally reasonable. A comparison with data of Zr5Al3
and Zr5Al4 favors the substitution with vacancies
[18]. Assuming a vacancy density that compensates
for the aluminium deficiency in the formation of the
B82 structure and ignoring grain size effects caus-
ing excess enthalpy gives a reasonable upper limit
of 2.7 eV for the formation enthalpy of a vacancy.
After heating to 973 K, the Zr2Al phase is still
predominant, but some α-Zr, L12 structured Zr3Al
and a little Zr3Al2 of the space group P42/mnm
starts to form (cf. Fig. 4d).
The heat treatments presented in this work re-
sulted in a very fine nanocrystalline structure domi-
nated by the B82 phase (10 - 20 nm). It is suggested
that heat treatment of amorphous samples at low
temperatures (∼ 770 K) for several hours or even
days might give rise to the formation of the L12
structure without causing excessive grain growth.
It is concluded that the crystalline debris result-
ing from the amorphization by RCR is important
for reducing the grain size of the crystallized mate-
rial by providing a dense network of homogeneously
distributed pre-existing nuclei.
5 Conclusions
• Zr3Al can be rendered amorphous by repeated
cold rolling as concluded from the X-ray re-
sults. The TEM studies show that the de-
formed material contains a crystalline debris
that is not resolved by X-ray diffraction.
• Heating to 773 K leads to the crystallization
of small (10 - 20 nm in diameter) B82-structured
nanocrystals. In this nanocrystalline struc-
ture, the non-equilibrium Zr2Al phase is clearly
predominant.
• It is concluded that during heating, the crys-
talline debris (of the Zr3Al phase retained in
the amorphous phase) acts as nuclei for the
crystallization process of the non-equilibrium
phase Zr2Al.
• When heating to 973 K, the equilibrium L12
phase starts to form and the crystals grow to
a size of about 100 nm.
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Figure 2: Structural analysis of the amorphous
sample produced by repeated cold rolling with 80
intermediate foldings. (a) XRD spectrum show-
ing two broad peaks indicating a mostly amorphous
sample. (b) TEM bright-field image showing large
areas of homogeneous intensity. Some larger crys-
tallites (100 - 200 nm) and several small crystallites
(black spots, typically <10 nm) can be seen in the
amorphous matrix. (c) TEM dark-field image of
one larger crystallite. The contrast shows that the
crystallite contains a lot of structural defects. (d)
High-resolution TEM image of a small crystallite
embedded in an amorphous matrix.
Figure 3: DSC curve (heating rate 5 K min−1)
of Zr3Al deformed by 80 foldings. A crystalliza-
tion peak (marked A) can be seen at 720 K. A
large peak (marked B) occurs at higher tempera-
ture. The temperatures to which the TEM samples
were heated are indicated. A sketch of the integra-
tion method is shown in the inset.
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Figure 4: TEM and XRD of Zr3Al deformed by 80
foldings and subsequent heat treatment. For the
XRD peaks, the underlying structures and equilib-
rium compounds are indicated by symbols; the pro-
nounced background at low angles comes from the
glass sample holder. (a) TEM image after heating
to 773 K. The grain size is 10 - 20 nm. (b) XRD
after heating to 773 K. All the peaks correspond
to the B82 structure. (c) TEM image after heating
to 973 K; defect-free grains with a grain size of ∼
100 nm. (d) XRD after heating to 973 K. The ma-
jor peaks mainly correspond to the B82 structure;
minor peaks to the α-Zr, L12 and the equilibrium
Zr3Al2 structure.
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